Executive Summary
In early 2007, the National Renewable Energy Laboratory (NREL) published a preliminary evaluation results report 1 (January 2006 through November 2006) on hydrogen-and CNG-fueled buses operating at SunLine Transit Agency (SunLine) in Thousand Palms, California (Palm Springs Coachella Valley area) . This report provides an update to the previous report and includes results and experience from December 2006 through June 2007. The evaluation covers one prototype fuel cell bus, one prototype hydrogen hybrid internal combustion engine (HHICE) bus, and five new CNG baseline buses operating from the same SunLine bus depot. The evaluation periods presented in this report are as follows: The fuel cell bus was manufactured by Van Hool and ISE Corp. and features an electric hybrid drive system with a UTC Power PureMotion 2 120 Fuel Cell Power System and ZEBRA batteries for energy storage. The HHICE bus from New Flyer has essentially the same electric hybrid drive system from ISE Corp. but with ultracapacitors for energy storage and a Ford V10 Triton engine customized to operate on hydrogen fuel. The new CNG buses from Orion Bus Industries use Cummins Westport C Gas Plus natural gas engines.
This evaluation of prototype fuel cell and HHICE transit buses at SunLine is a part of the U.S. Department of Energy's (DOE) Hydrogen, Fuel Cells & Infrastructure Technologies Program (HFCIT) . This program integrates activities in hydrogen production, storage, and delivery with transportation and stationary fuel cell applications. This evaluation focuses on documenting progress and opportunities for improving the vehicles, infrastructure, and procedures. There is no intent to consider the implementation of these hydrogen-fueled transit buses as commercial (or full revenue transit service).
Hydrogen Fueling Experience -Update
During the evaluation period (January 2006 through June 2007), SunLine dispensed a total of 13,771 kg of hydrogen. The station was used at least once per day to fill at least one of the two hydrogen buses for 83% of the calendar days during the period. The overall average daily usage was 30.5 kg per day. The two buses were filled a total of 726 times during the evaluation period, with an average fill amount of 19.0 kg. The HHICE bus fuelings averaged 20.4 kg, while the fuel cell bus averaged 17.0 kg. During the March through June 2007 time period, the average fueling rate was 0.97 kg/min based on 111 fueling events for a total of 2,358 kg. One major incident occurred with SunLine's hydrogen reformer. On April 4, 2007 , the hydrogen reformer had a component failure in the hydrogen purification subsystem. The fault was automatically detected and the unit was shutdown, but not before some amount of contaminants broke through to the downstream low pressure hydrogen storage. This fuel quality issue was not a concern for the HHICE bus, but was potentially a significant concern with the fuel cell bus. The hydrogen storage for the fuel station and for the two buses was purged and replaced with "clean" hydrogen. It did appear that the fuel cell bus received some of the lower quality hydrogen fuel, which had a direct impact on the fuel cell system. The fuel cell system showed a degraded power output, but UTC Power reported that the contaminants did not appear to cause any permanent damage (the fuel cell system power output recovered with the use of "clean" hydrogen). This issue has been resolved and the buses were up and running at normal levels before the end of the evaluation period. The reformer incident was resolved within 24 hours and the unit was producing high purity hydrogen.
Bus Experience -Update
In the preliminary evaluation results report for SunLine, there were several issues described for each of the study bus groups (fuel cell, HHICE, and CNG). The following descriptions update those issues and provide additional issues and descriptions, if necessary.
Fuel Cell Bus.
As mentioned in the preliminary report, the fuel cell bus experienced several issues that affected performance and availability. The three primary issues were the ZEBRA batteries, the AC system, and the fuel cell power system (cell stack assembly [CSA] ). An update on the status of these problems follows.
• ZEBRA batteries -These batteries have had significant problems in this application.
The main challenges have been accommodating cell failures and optimizing the state of charge (SOC) algorithm. The issues with using the three ZEBRA batteries have continued, but experience and planning has helped alleviate the extreme problems of trying to keep the fuel cell bus available for service. ISE has been able to make more of the batteries available, and a battery is always kept up to temperature and charge for quick replacement when needed.
• Air Conditioning -SunLine's summer operation exposes buses to extreme heat conditions, with average high temperatures reaching the 110-120° F range. Also, the hybrid design is unique because the air conditioning (A/C) unit is driven electrically instead of mechanically (by belt) like most vehicles. During the summer of 2006, the A/C system experienced problems with failed evaporator and condenser motors. SunLine worked with the A/C manufacturer to replace the failing motors with a newer design. The new motor is working well and the problem has not resurfaced. The bus had not experienced any A/C issues as of June of 2007; even though the temperature reached as high as 113° F (monthly average high temperature was 105° F).
• UTC Power PureMotion 120 Fuel Cell Power System -As reported in the preliminary evaluation results report, the CSAs for the fuel cell bus were replaced with an improved design CSA toward the end of September 2006. However, the power degradation issue reappeared after only a few months of operation. SunLine and UTC Power agreed to perform accelerated testing of the fuel cell power system, and in January 2007, SunLine operated the fuel cell bus for 5,125 miles. After this accelerated testing, UTC Power determined that the power degradation problem was not resolved and the CSAs were again replaced in March 2007 (with the same design as those installed in September 2006). The current plans are to operate the fuel cell bus for eight hours/day and five days per week until the currently planned end of demonstration (and warranty period) around the end of November or sometime in December 2007.
HHICE bus.
From January 2006 through May 2007, the HHICE bus performed well, experiencing only a few problems in performance. However, in late May, the bus was road called for a broken fan belt. The engine had continued to run without the belt, causing the engine to overheat, which resulted in a blown head gasket. There was no software mode that would protect the engine from this condition; however, that situation has now been corrected. The bus was down for repair during May and June.
CNG buses. This bus order has had one significant problem so far. There has been an isolation issue between the exhaust and the wiring and panels in the bus. Work has been done to develop a better thermal blanket and reposition some of the exhaust stack and wiring. Table ES -1 provides a summary of results for many of the categories presented in this report. Note that fuel economy for the hydrogen-fueled buses are shown in miles per kilogram of hydrogen and the CNG buses are shown in miles per gasoline gallon equivalent (GGE). These units are essentially the same and comparable. 
Evaluation Results -Update

Overview
SunLine Transit Agency provides public transit and community services to California's Coachella Valley. Headquartered in Thousand Palms, SunLine's service area of over 1,100 square miles includes nine member cities and a portion of Riverside County. Figure 1 shows the service area covered by the agency. SunLine has proactively adopted clean fuel technologies in their fleet, beginning with compressed natural gas (CNG) buses in 1994. Since then, the agency has tested many advanced technologies including buses that run on a blend of hydrogen and CNG, battery electric power, and fuel cells. In January of 2006, SunLine began demonstrating one prototype fuel cell bus. The prototype fuel cell bus, manufactured by Van Hool and ISE Corp., features an electric hybrid drive system with a UTC Power PureMotion 120 Fuel Cell Power System and ZEBRA batteries for energy storage. SunLine has also been operating a prototype hydrogen hybrid internal combustion engine (HHICE) bus from New Flyer. This HHICE bus has been in operation at SunLine since December 2004, except for a few months in early 2006 when the bus was cold-weather tested in Canada. The HHICE bus has essentially the same electric hybrid drive system from ISE Corp. as the fuel cell bus, but with ultracapacitors for energy storage and a Ford V10 Triton engine customized to operate on hydrogen fuel. The buses are pictured in Figure 2 . These buses are operated in the Coachella Valley, which is a desert region with annual rainfall around five inches per year. Average high temperatures are typically above 80° F for eight months of the year, and can get as high as 120° F. These conditions make the area an excellent location for investigating the effects of heat and low humidity on advanced propulsions systems. SunLine is working closely with UTC Power and ISE on the project. These demonstrations are critical to understanding how these prototype systems and components perform in the field. The manufacturers use the data collected to verify the results from controlled laboratory tests and to further optimize and improve their advanced propulsion systems for commercialization.
This report includes operations at SunLine for both of these hydrogen-fueled transit buses in normal revenue service. Five new compressed natural gas (CNG) buses operating from the same SunLine location are being used as a baseline comparison. The new CNG buses from Orion Bus Industries use Cummins Westport C Gas Plus natural gas engines ( Figure 3 ). This report included descriptions of the propulsion and fueling technologies, details on the early experiences, lessons learned, and 11 months of preliminary operations data on the hydrogen-fueled buses. Evaluation results were also provided for new CNG transit buses as a baseline comparison to the prototype hydrogen-fueled transit buses.
This update report provides results and experience from December 2006 through June 2007, which is in addition to those provided in the preliminary evaluation results report. This report includes data on one prototype fuel cell bus, one prototype HHICE bus, and five new CNG baseline buses operating from the same SunLine bus depot. The evaluation periods presented in this report are as follows:
• 
Infrastructure and Facilities
Fueling facilities at SunLine include private and public access for CNG, liquefied natural gas (LNG), compressed hydrogen, and a blend of hydrogen and CNG. SunLine produces hydrogen on site using a natural gas reformer. The HyRadix Adéo ( Figure 4 ) is a commercial product that uses a proprietary catalytic auto-thermal reforming technology. The new unit was installed at SunLine in August of 2006, and is capable of producing 9 kg of hydrogen per hour. SunLine typically operates the unit at 4.5 kg per hour due to current hydrogen consumption. Figure 5 shows the fuel cell bus at the SunLine hydrogen fueling dispenser. Hydrogen Fueling Experience -Update Figure 6 shows total monthly hydrogen dispensed into the two hydrogen-fueled buses for January 2006 through June 2007. The calculation for this rate only includes the days in which hydrogen was dispensed from the station. The station was used at least once per day to fill at least one of the two hydrogen buses for 83% of the calendar days during the period. The overall average daily usage was 30.5 kg per day. During this period, SunLine dispensed a total of 13,771 kg of hydrogen.
The highest daily hydrogen usage was during January 2007, because the fuel cell bus was operated more than 5,000 miles in one month and the HHICE bus was operated at its normal level at the same time. The daily fuel usage decreased during April and May 2007 because of a hydrogen production quality incident and the subsequent purging process that followed (over a three week period). Hydrogen use also decreased toward the end of May 2007 and during all of June 2007 because the HHICE bus was out of service. Hydrogen fuel quality issue -On April 4, 2007, the Adéo hydrogen reformer suffered a component failure in the hydrogen purification subsystem (PSA system). The fault was automatically detected and the Adéo unit was shutdown, but not before some amount of contaminants broke through to the downstream low pressure hydrogen storage.
SunLine staff immediately isolated and purged the low pressure storage to remove the contaminants before resuming fueling operations. Later, sampling revealed that the purging had not been sufficient and some of the contaminants had made their way into the storage tank of the fuel cell bus. By proceeding cautiously, SunLine personnel were able to correct this without serious damage to the fuel cell power system although this resulted in several extra days out of service for the bus.
The root cause was traced to an isolated failure of an electrical component. While this failure also exposed some software bugs that allowed the system to export off-spec hydrogen, it did not represent a chronic failure of the system -in particular the PSA adsorbent was not damaged. The repair and recovery were quick and the system was back up and producing high purity hydrogen within 24 hours of the failure.
Subsequently, the software bugs have been further isolated and fixed. Among the lessons learned are that a more conservative approach should be taken when purging contaminants from the storage system. Additional gas samples are important in helping to determine if all the contaminants have been purged from the system. Table 2 provides descriptions of some of the electric propulsion systems for the fuel cell and HHICE buses. The electric propulsion systems for these two buses are nearly identical except for the energy storage and slightly greater hydrogen storage on the HHICE bus. Note that the CNG buses are not a hybrid configuration and do not have regenerative braking or energy storage for the drive system. The bus systems were described in detail in the preliminary evaluation report, published in February, 2007. Bus Experience -Update In the preliminary evaluation results report for SunLine, there were several issues described for each of the study bus groups (fuel cell, HHICE, and CNG). The following descriptions update those issues and provide additional issues and descriptions, if necessary.
Fuel Cell, Hydrogen Engine, and CNG Buses
Fuel Cell Bus:
As mentioned in the preliminary report, the fuel cell bus experienced several issues that affected performance and availability. The three primary issues were the ZEBRA batteries, the AC system, and the fuel cell power system (CSA). An update to the status of these problems follows.
• ZEBRA batteries -These batteries have had significant problems in this application. The main challenges have been accommodating cell failures and optimizing the state of charge (SOC) algorithm. The issues with using the three ZEBRA batteries have continued, but experience and planning has helped alleviate the extreme problems of trying to keep the fuel cell bus available for service. ISE has been able to make more of the batteries available, and a battery is always kept up to temperature and charge for quick replacement when needed.
• Air Conditioning -SunLine's summer operation exposes buses to extreme heat conditions, with average high temperatures reaching the 110-120° F range. Also, this hybrid design is unique because the air conditioning (A/C) unit is driven electrically instead of mechanically (by belt) like most vehicles. During the summer of 2006, the A/C system experienced problems with failed evaporator and condenser motors. SunLine worked with the A/C manufacturer to replace the failing motors with a newer design. The new motor is working well and the problem has not resurfaced. The bus has not experienced any A/C issues through June of 2007, even though the temperature reached as high as 113° F (monthly average high temperature was 105° F).
• UTC Power PureMotion 120 Fuel Cell Power System -As reported in the Preliminary Evaluation Results report, the CSAs for the fuel cell bus were replaced with an improved CSA toward the end of September, 2006. However, the power degradation issue reappeared after only a few months of operation. SunLine and UTC Power agreed to conduct accelerated testing of the fuel cell power system, and in January 2007, SunLine operated the fuel cell bus for 5,125 miles. After this accelerated testing, UTC Power determined that the power degradation problem was not resolved, and the CSAs were again replaced in March 2007 (with the same design as those installed in September 2006). The current plans are to operate the fuel cell bus for eight hours/day and five days per week until the currently planned end of demonstration (and warranty period) around the end of November or sometime in December 2007.
• Charging -The fuel cell bus is plugged into a charge port overnight to balance the charge between batteries, top off the charge, and provide heat for the batteries and fuel cell.
HHICE Bus: From January 2006 through May 2007, the HHICE bus performed well, experiencing only a few problems in performance. However, in late May, the bus was road called for a broken fan belt. The engine had continued to run without the belt, causing the engine to overheat, which resulted in a blown head gasket. There was no software mode that would protect the engine from this condition. This engine was replaced and the software for the engine now includes redundant, fail safe protection for issues such as this.
The bus was down for repair during May and June. The engine was torn down for inspection. There was clearly less wear on this engine compared to the previous engine that was replaced back in December 2005. One addition for the new installation will be a 10 micron coalescing filter for the fuel. The bus was not yet back into service by the end of the evaluation period covered in this report.
CNG Buses:
This bus order has had one significant problem so far. There has been an isolation issue between the exhaust and the wiring and panels in the bus. Work has been done to develop a better thermal blanket and reposition some of the exhaust stack and wiring.
Evaluation Results
Both the fuel cell and HHICE buses were in service during a portion of December 2005, but this is not included in the evaluation because of low bus use during the month. This also helps remove some of the start-up issues at the very beginning of operation. This has also been done for the new CNG buses. These buses went into service near the end of June 2006, and the evaluation period started on July 1, 2006.
In this evaluation results update report, both the fuel cell and HHICE buses are considered prototype technology that is in the process of being commercialized. The analysis and comparison discussions with standard/new CNG buses were done to help baseline the status and progress of these two hydrogen propulsion technologies. The intent of this analysis is to determine the status of this implementation and document the improvements that have been made over time at SunLine. There is no intent to consider this implementation of fuel cell or HHICE buses as commercial (or full revenue transit service). The evaluation focuses on documenting progress and opportunities for improving the vehicles, infrastructure, and procedures.
Route Descriptions
SunLine operates 12 fixed routes in the Coachella Valley along State Highway 111 and Interstate 10. Table 3 shows a weekly summary of bus usage at SunLine, and indicates that bus service operates at an average of 12.7 mph on the weekends and 13.4 mph during the week for an overall average of 13.2 mph. The weather plays a role in how the SunLine buses are operated. During the eight months in the year when the average high temperature is above 80° F, drivers typically idle on the shorter layovers to keep the buses cool for passengers. This causes the bus average speed to go down and the air conditioning load to go up, both of which have a significant impact on fuel efficiency. Buses at the two SunLine operating locations are generally dispatched randomly. However, the HHICE bus has been used almost exclusively on Line 50 (average speed of 14.1 mph), except for a few days on Line 30 and Line 31 in January 2006. The fuel cell bus has been used on Line 50 (operated 112 days) and Line 111 (operated 37 days, average speed of 14.3 mph). In-service data indicate an average operating speed of 13.1 mph based on mileage and fuel cell system operating hours. The new CNG buses have been randomly dispatched.
Bus Use and Availability
Bus use and availability are indicators of reliability. Lower bus usage may indicate downtime for maintenance or purposeful reduction of planned work for the buses. This section provides a summary of bus usage and availability for the three study groups of buses. Figure 9 shows mileage and fuel cell system operating hour accumulation for the fuel cell bus during the evaluation period (January 2006 through June 2007). Total mileage accumulation for the evaluation period was 37,005 miles (17,797 miles since the last evaluation report), and the fuel cell system accumulated 2,822 hours (1,335 hours since the last evaluation report). These numbers indicate an overall average speed of operation at 13.1 mph (average of 13.3 mph since the last evaluation report), which is nearly the same as the overall SunLine operation speed of 13.2 mph. Table 4 summarizes average monthly mileage accumulation by bus and study group for the evaluation periods. Using the CNG buses as the baseline, the fuel cell bus had average monthly mileage 47% of CNG operation and the HHICE bus had average monthly mileage 49% of CNG operation. This is consistent in that the fuel cell and HHICE buses are being used at half the rate of the baseline CNG buses. Another measure of reliability is availability -the percent of time that the buses are planned for operation compared to the time the buses are actually available for that planned operation. Figure 10 shows the monthly average availability for each of the three study bus groups. As shown on the chart, the availability goal is 85% for all buses. The chart shows that the CNG buses are essentially right on the goal (average of 87%). The HHICE bus was at or above the availability target except for July-August 2006 and May-June 2007 (average 77%). During this timeframe, the HHICE bus was out of service because of a lack of hydrogen availability during the installation of the new HyRadix reformer unit and during the more recent period, the bus was out of service for engine failure and replacement.
The fuel cell bus availability was much lower than the availability target during May through September 2006 because of problems with the A/C and the fuel cell systems, as discussed above in the experience update section. The fuel cell bus also had more downtime during February 2007 through May 2007 to have the fuel cell CSAs replaced again, for ongoing battery problems, and because of a lack of fuel availability. Table 5 provides a summary of the availability and unavailability reasons for each of the three study bus groups. Overall during the evaluation periods, the average availability for the fuel cell bus was 65%, the HHICE bus was 77%, and the CNG buses were 87%. Issues that kept the fuel cell bus out of service included problems with the air conditioning (22%), fuel cell system (29%), and ZEBRA batteries (19%). Issues that kept the HHICE bus out of service included problems with the drive system (63%), lack of hydrogen fuel (29%), and general maintenance activities (8%). Issues that kept the CNG buses out of service included general maintenance and some air conditioning repairs. 
Fuel Economy and Cost
Hydrogen fuel is supplied at SunLine by a HyRadix natural gas reformer for compression up to 5,000 psi into vehicles. CNG is brought into the SunLine property via a high-pressure natural gas line and then compressed up to 3,000 psi for delivery into the vehicles. SunLine has approved funding to upgrade the Thousand Palms natural gas fueling infrastructure to dispense CNG up to 3,600 psi. This upgrade is expected to be completed around April to June 2008.
SunLine provides both hydrogen and CNG for purchase at its public dispensing island. This has caused SunLine to track all of its fueling events in gasoline gallon equivalent (GGE) units for state fuel sales regulations. In the case of hydrogen, the unit used is typically kilograms (kg), which is essentially the same energy equivalent as a GGE. The analysis in this report presents both GGE (or kg for hydrogen) and diesel gallon equivalent (DGE) for hydrogen and CNG fuel consumption. Energy conversion calculations for GGE and DGE are shown in Appendix A. Table 6 shows hydrogen and CNG fuel consumption and fuel economy for the three study bus groups during the evaluation period. Using the GGE fuel economy and the CNG buses as the baseline, the fuel cell bus had a fuel economy 2.5 times higher than the CNG buses and the HHICE bus had a fuel economy 49% higher than the CNG buses. The fuel cell bus had a fuel economy 68% higher than the HHICE bus. Figure 11 shows average fuel economies for each of the three study groups of buses. Fuel economies were calculated as a moving two-month average so that any significant fluctuations could be smoothed out and the cyclical pattern based on higher temperatures causing lower fuel economies and vice versa could be clearly shown.
SunLine has tracked the utility (electricity, natural gas, and water) costs along with the costs to maintain the HyRadix reformer since the prototype unit was placed into service. They report that hydrogen production has cost $4.26 per kg since the reformer started operation to present. This hydrogen fuel cost for production indicates that the fuel cell bus fuel cost is $0.58 per mile and the HHICE bus fuel cost is $0.97 per mile. SunLine provides CNG fuel for its entire bus operation and sells CNG to the public. This large volume of CNG allows SunLine to provide CNG at a reasonable price compared to diesel fuel cost. During the evaluation period, the average price of CNG was $1.36 per GGE. This CNG cost indicates that the CNG buses have a fuel cost of $0.46 per mile. The fuel cell bus hydrogen cost per mile has been 25% higher, and the HHICE hydrogen cost per mile has been two times higher than for the CNG buses.
Maintenance Analysis
The maintenance cost analysis in this section is only for the evaluation period (FC1 and HHICE: January 2006 through June 2007; CNG: July 2006 through June 2007). We do not intend to include warranty costs in the cost-per-mile calculations. More work is required for collecting warranty maintenance costs and ensuring that all these warranty-covered costs have been removed from the analysis. This will be a high priority for the final evaluation report for this site.
All work orders for the study buses were collected and analyzed for this evaluation. For consistency, the maintenance labor rate was kept at a constant $50 per hour; this does not reflect an average rate for SunLine. This section first covers total maintenance costs, then maintenance costs broken down by bus system.
Total Maintenance Costs -Total maintenance costs include the price of parts and hourly labor rates of $50 per hour. Cost per mile is calculated as follows:
Cost per mile = ((labor hours * 50) + parts cost) / mileage Table 7 shows total maintenance costs for the fuel cell, HHICE, and CNG buses. The CNG buses have the lowest total maintenance cost per mile of the three study bus groups. The per mile maintenance costs for the fuel cell and HHICE buses are 70% higher and 2.1 times higher, respectively, than the baseline/CNG buses. All three study bus groups were under warranty during the entire evaluation period. Although the HHICE bus is still under warranty, it has higher costs than the fuel cell bus because the SunLine mechanics do much more of the work on the HHICE bus than the fuel cell bus. The fuel cell bus maintenance is done almost exclusively by ISE and UTC Power, except for routine and non-drivetrain maintenance. Table 8 shows maintenance costs by vehicle system and bus study group (without warranty costs included). The vehicle systems shown in the table include the following:
• Cab, Body, and Accessories: Includes body, glass, and paint repairs following accidents; cab and sheet metal repairs on seats and doors; and accessory repairs such as hubodometers and radios.
• Propulsion-Related Systems: Repairs for exhaust, fuel, engine, electric motors, fuel cell modules, propulsion control, non-lighting electrical (charging, cranking, and ignition), air intake, cooling, and transmission. The systems with the highest percentage of maintenance costs for the fuel cell bus were propulsion-related, HVAC, and cab, body, and accessories. For the HHICE bus, the three highest cost systems were propulsion-related, PMI, and cab, body, and accessories. The CNG buses had the same three systems as the HHICE bus, but in a slightly different ranking. The cab, body, and accessories category had similar costs/mile for each of the three study bus groups, although the percent of totals were significantly different. The propulsion-related maintenance costs were high for the HHICE and fuel cell buses compared with the CNG buses, with the HHICE bus having the highest cost per mile. For the PMI category, the HHICE and CNG buses had similar costs per mile. The fuel cell bus had significantly lower PMI than the other two study bus groups. This was most likely caused by much of the PMI being done under warranty by the UTC Power and ISE technicians and not the SunLine mechanics.
The only other system maintenance category of note is the HVAC system for the fuel cell bus. The air conditioning on the fuel cell bus has required significant maintenance attention and has caused significant unavailability of the bus for service. The problem was with the evaporator and condenser motors, which were failing on a regular basis during the summer of 2006. SunLine was having difficulty keeping replacement motors in stock to keep the bus available for service. A redesign of the motors was implemented in September 2006, after the heat of the summer had passed. Based on maintenance data through June 2007, it appears that the A/C motor issue has been resolved.
Propulsion-Related Maintenance Costs -The propulsion-related vehicle systems include the exhaust, fuel, engine, electric propulsion, air intake, cooling, non-lighting electrical, and transmission systems. Table 9 categorizes the propulsion-related system repairs for the three study bus groups during the evaluation period (no warranty). Each of the three study groups of buses was under warranty during the entire evaluation period. Also, the fuel cell and HHICE buses were maintained by the UTC Power and ISE technicians when significant repairs to the fuel cell power system or drive system were required. In most cases, the only costs captured here are for support by the SunLine mechanics to the manufacturer technicians.
• Total propulsion-related -The HHICE bus had the highest maintenance costs for these systems, followed by the fuel cell bus. The CNG buses had very low maintenance costs for these systems (as expected because the buses were new and featured fully commercial technology).
• Exhaust -There were few or no costs for this system for the three study groups of buses.
• Fuel -The fuel cell bus had only a few hours reported for fuel system maintenance costs.
The HHICE bus is older than the fuel cell bus and had some maintenance costs for hydrogen fuel line leaks. The CNG buses had some maintenance for small leaks and rerouting of fuel lines (shakedown issues from the new buses) as well as some filter replacements.
• Powerplant and electric propulsion -The fuel cell bus maintenance reported here involved almost exclusively SunLine mechanics supporting UTC Power and ISE technicians' work on the bus. One significant issue involved the ZEBRA batteries and the number of problems and changeouts of the three battery packs. The HHICE bus had issues with injectors and the turbocharger, which were repaired under warranty with support from SunLine. The only other repairs were for preventive maintenance. The preventive maintenance for the CNG buses was almost exclusively in the powerplant category (and none for electric propulsion).
• Non-lighting electrical (charging, cranking, and ignition) -The fuel cell bus had some costs in this category relating to 12-volt batteries and no-start maintenance. The HHICE bus had significant repairs with the standard batteries on the bus (8 changeouts and 4 roadcalls). Other maintenance costs included two sets of spark plugs and two sets of coils. The CNG buses mostly had preventive maintenance repairs in this category for spark plugs at the 18,000 preventive maintenance cycle for each bus. Other repairs in this category included changeout of coil boots, one starter under warranty, and one voltage regulator under warranty.
• Air intake -The fuel cell bus costs in this category were just for support by SunLine mechanics. The HHICE and CNG buses only had air filter changeouts in this category.
• Cooling -The fuel cell bus had few costs in this category. The HHICE bus required maintenance for problems with the low coolant sensor (replaced three times and caused two roadcalls). The CNG buses only had shake down issues for new buses for securing coolant lines and alarms.
• Transmission -Only the CNG buses had costs in this category for filters under preventive maintenance. 
Roadcall Analysis
A roadcall (RC) or revenue vehicle system failure (as named in the National Transit Database 4 ) is defined as a failure of an in-service bus that causes the bus to be replaced on route or causes a significant delay in schedule. If the problem with the bus can be repaired during a layover and the schedule is kept, this is not considered a RC. The analysis provided here only includes RCs that were caused by "chargeable" failures. Chargeable RCs include systems that can physically disable the bus from operating on route, such as interlocks (doors and wheelchair lift), engine problems, etc. They do not include RCs for things such as radios, HVAC, or destination signs. Table 10 shows the RCs and miles between roadcalls (MBRC) for each study bus in two categories: all RCs and propulsion-related-only RCs. The CNG buses have had very few RCs. The fuel cell and HHICE buses have had several RCs and low vehicle usage, which is indicative of the prototype nature of these two buses. Compared to the fuel cell bus, the HHICE bus has slightly higher MBRC rates for both the all-roadcalls category and the propulsion-only category. For the fuel cell buses, 18 of the RCs were directly related to the ZEBRA batteries. If these RCs were removed, the rates would be 2,847 MBRC for all roadcalls and 3,701 MBRC for propulsion only. 
